The tetramixing of pseudoscalar mesons π-η-η ′ -η c and vector mesons ω-ρ-φ-J/ψ are studied in the light-cone constituent quark model, and such mixing of four mesons provides a natural source for the intrinsic charm cc components of light mesons. By mixing with the light mesons, the charmonium states J/ψ and η c could decay into light mesons more naturally, without introducing gluons or a virtual photon as intermediate states. Thus, the introduction of light quark components into J/ψ is helpful to reproduce the new experimental data of J/ψ decays. The mixing matrices and the Q 2 behaviors of the transition form factors are also calculated and compared with experimental data.
The mixing of mesons has been widely investigated since the 1960s, when the concept of a mixing state of the ρ-ω mesons was proposed [1] by considering that the electromagnetic interaction does not conserve isospin. Later, the ω-φ mixing and η-η ′ mixing were introduced [2] to explain the deviation of the meson mass from the Gell-Mann-Okubo mass formula [3, 4] . It was also pointed out that the difference between the u and d quark masses
introduces the π-η mixing [5] . Then, the trimixing of π-η-η ′ [6, 7] and ρ-ω-φ [7, 8] were
proposed, and their effects were studied in different methods. On the other hand, the cc contribution to the η and η ′ mesons was considered [9] , and the trimixing η-η ′ -η c was studied [10] . As a further extension in this paper, we try to combine the above two types of trimixing by considering the tetramixing of pseudoscalar mesons π-η-η ′ -η c . The mixing of gluon component gg and η-η ′ were also studied [11, 12] . As the mixing of η and η ′ is still not completely clear right now, we think that the charm and gluon components may both be possible to mix with these mesons, and it is worthwhile to study both of them carefully.
The recent CLEO experiment [13] of the charmonium decays J/ψ → γπ, γη, and γη ′ also motivates us to extend our tetramixing to the vector mesons ω-ρ-φ-J/ψ. According to the pure valence cc structure of charmonia in the naive quark model, these decay modes of charmonium ψ(nS) must happen via the annihilation of the heavy quark constituents into gluons or a virtual photon [13, 14] , because of the Okubo-Zweig-Iizuka rule, which postulates a suppression of transitions between hadrons without valence quarks in common [14] . Moreover, the mechanisms of these decays are not completely clear yet, and there are various ways to describe them, such as ψ(nS) → γgg → γP , ψ(nS) → ggg → qqγ, ψ(nS) → γ * → qqγ, and so on [13] . However, with the model of ω-ρ-φ-J/ψ mixing, the above-mentioned decays of J/ψ could occur more naturally through the direct transition from its light quark components to light mesons such as π, η, or η ′ without introducing intermediate gluons or a virtual photon, and the cc components of these light pseudoscalar mesons also allow J/ψ to decay to them. The mixing of ω-ρ-φ-J/ψ is thus helpful to reproduce the new experimental data of J/ψ decays.
For the light vector mesons ω, ρ, and φ, the existence of cc states in them may be interpreted as a support to the theory of intrinsic charm [15] in these mesons. Different from the extrinsic quarks, which are generated on a short time scale in a reaction process with large momentum transfers, the intrinsic quarks are intrinsic nonperturbatively to the hadron wave function and exist over a time scale independent of any probe momentum [15, 16] . The postulation of intrinsic cc components in ρ and π offers a possible solution of the "ρπ puzzle"
by allowing direct transitions between J/ψ(ψ ′ ) and ρ(π) through the rearrangement of the valence and the intrinsic cc components of ρ(π) [14] . Now the tetramixing of ω-ρ-φ-J/ψ introduces the intrinsic cc components into all three light vector mesons ω, ρ, and φ, and J/ψ can decay to them in a similar way, without annihilation of the quark constituents.
This applies to the pseudoscalar mesons π, η, and η ′ , too, as they mix with the charmonium η c in our model. The intrinsic cc component in η ′ was also studied in Refs. [17, 18] , in which the intrinsic charm content of the η ′ meson f c η ′ was evaluated, and we shall compare our result of f c η ′ with previous results in Refs. [17, 18] and other works at the end of this paper. We adopt the light-cone constituent quark model [19] [20] [21] to study the mixing of mesons.
The light-cone constituent quark model is a convenient and effective model to treat the nonperturbative aspect of QCD, and the mixing of mesons in this model has been studied [22, 23] .
The mixing of pseudoscalar mesons and vector mesons could be described by two SO (4) rotation matrices M v and M s , respectively:
in which the unmixed states are
where ϕ is the momentum space wave function of the corresponding meson.
Since the rotation group SO(4) = SO(3) ⊗ SO(3), the SO(4) mixing matrix M can be written as
where the matrices R + and R − are generated by the SO(3) generators, and each of them
where
and thus the mixing matrix M is parameterized as six independent rotation angles (θ 1 , θ 2 , ... , θ 6 ). Our detailed procedure of obtaining the matrix form of R + and R − [Eqs. (4) and (5) The decay constants and transition form factors also mix as [7] 
The above decay constants and transition form factors are defined as [23, 24] 
To calculate them, we use the light-cone quark model with the Fock state expansions of the unmixed mesons [the right-hand side of Eq. (1)]:
and to simplify the problem, we adopt the lowest order of the above expansions, which takes only the quark-antiquark valence states of the unmixed mesons into consideration.
The wave function of an unmixed meson in the light-cone formalism is [19, 25] 
where ϕ is the momentum space wave function, described by the Brodsky-Huang-Lepage prescription [19, 25] :
(A and β are the parameters of the meson, and m 1 and m 2 are masses of the constituent quarks), and χ
is the light-cone spin wave function, which is related to the instant-form spin wave function by the Melosh-Wigner rotation [26] [27] [28] (15) where w i = 1/ 2k
. The Melosh-Wigner rotation is an important ingredient of the light-cone quark model and plays an essential role in explaining the "proton spin puzzle" [28, 29] . The detailed formulas for calculating the decay constants and transition form factors of mesons were listed in Ref. [23] , and the examples of applying them to set meson parameters and to calculate the decay constants and transition form factors numerically can be found in Ref. [30] . to experimental data. The Q 2 → ∞ limiting behavior of Q 2 F P →γγ * is also considered as a constraint to set the parameters [21, 31] :
where c P = (c π I , c ηq , c ηs ) = (1, 5/3, √ 2/3). With the similar method as Ref. [17] , we also obtain c η c0 = 4 √ 2/3. All these requirements are taken as constraints to determine the parameters of mesons and parameters of the mixing matrices. During our calculation, we first use the decay constants and the radii of π + and K + as the constraints to locate the values of A π , β π , m u , and m s , assuming that the wave function parameters of π ± are the same as those of π I , and the constituent quark mass m d ≈ m u (their difference could be ignored compared with m c ) [7] . The other parameters are then determined under the left constraints.
Our numerical calculation gives the mixing matrices of vector and pseudoscalar mesons: 
We see that some of the entries of the mixing matrices are small; for example, one of the Tables II and Table III. The Q 2 behaviors of the form factors of π, η, and η ′ are shown in Figs. 1-3 , and we see that they are generally in agreement with the experimental data. The Q 2 behavior of the form factor of η c is shown in Fig. 4 , and, by comparing with theoretical data from another model, the calculated curve fits well in most of the lower Q 2 region. We can also obtain the Q 2 behavior of the transition form factors in the timelike region, either by making the substitution q ⊥ → iq ⊥ [33] or by parameterizing the transition form factors as explicit functions of q 2 in the spacelike region and then extending them through analytic continuum Ref. [32] , and the experimental data (marked with daggers) are from Ref. [13] . The data in the fourth column (unmarked) are from Ref. [7] , and the data (marked with stars) are calculated assuming that J/ψ and η c do not mix. We can further use our results to learn the properties of the intrinsic cc component in the light pseudoscalar mesons. With the F P →γγ * (0) (where P = π, η, η ′ , η c ) in Table I and the mixing matrix M s , we obtain the transition form factors of unmixed mesons F P I →γγ * (0) (where P I = π I , η q , η s , η c0 ). Taking them into Eq. (16) 
Then we have [7] 
FIG. 1:
The Q 2 behavior of the form factor Q 2 F π→γγ * (Q 2 ) compared with experimental data [42, 43] . 
We see that f c η ′ = 0.0219 GeV = 21.9 MeV. It is compared with previous results in Table IV . f c η ′ could be considered as the reflection of the intrinsic charm content of the η ′ meson [17] , and we see from Table IV that the meson decay constants and transition form factors (at Q 2 = 0) to the experimental data. We also calculate the Q 2 behaviors of the meson transition form factors, and these results are generally in agreement with the experimental data or results from other models.
Our results of the Q 2 behaviors of transition from factors of J/ψ decaying into pseudoscalar mesons could be regarded as the predictions of our model, as there are no experimental data at present. The introduction of light quark components in J/ψ and η c not only allows them to decay into the light mesons directly without intermediate gluons or virtual photon but is also helpful for us to understand the structures of charmonium states better. Considering that the mixing introduces a cc component into the light mesons, and such a cc component is intrinsic to the wave functions and exists over a time scale independent of any probe momentum, we could naturally interpret it as the intrinsic charm of these mesons. Our 
Then where
From the matrix form of A k , we have
A n is the angular momentum component of the direction n. In fact, the matrix form of A n in Eq. (A8) can be diagonalized as 
which is the expression of angular momentum operator A n in its eigenstate representation, with the eigenvalues of A n being (−1/2, −1/2, 1/2, 1/2). The two matrix forms are related as A ′ n = S † A n S, with the transformation matrix
In the eigenstate representation of angular momentum A n , the matrix form of R + is
and then we have which is the expression of R + given in Eq. (4). Following the same procedure, we also obtain the expression of R − given in Eq. (5).
Appendix B:
During the numerical calculation, we write M in a more compact form with eight real These parameters are related to the six rotation angles as 
